INTRODUCTION

I
Titanium nitride's unique combination of mechanical, chemical, optical, and electronic properties leads to many thin-film applications for integrated circuits. The most widely-discussed use for TiN is as a diffusion barrier, but it can also serve to prevent the attack of WF, on Si during W chemical vapor deposition (CVD),' as a nucleation layer between intermetal-level dielectrics and CVD tungsten: and as a gate electrode in MOS integrated circuits., For all of these applications, as feature sizes shrink and aspect ratios grow, the issue of good step coverage becomes increasingly important. It is therefore essential to manufacture conformal coatings of TiN.
CVD is the best way to produce conformal coatings of the quality required for ULSI applications. Both inorganic and metalorganic TiN CVD processes have been developed. The most common inorganic precursor48576r7 is TiCl, and the typical metalorganic precursor^'*^^'^'^ are tetrakis-dimethylamidotitanium (Ti(NMe,),, TDMAT) and tetrakis-diethylamidotitanium (Ti(NEt,),, TDEAT). Excess NH, is usually the nitrogen source for inorganic deposition processes. In the case of the metalorganic precursors, an additional nitrogen-containing reactant is not stoichiometrically required; however, an excess of NH, is necessary to produce high-purity, low-resistivity films." Also, for TDMAT, it has been shown' that when NH, is present, the nitrogen in the film comes from NH, and not from the metalorganic compound. The overall physisorbed molecules are attracted to the surface more weakly, but in contrast to the multilayer they interact directly with the substrate. Finally, when the sample temperature is below -200 K, a thick llayer of solid NH, can form. Since the chemisorption state often saturates at coverages well below 1 monolayer (ML), the physisorption state can be envisioned as the first layer of solid NH, boundl to bare regions of the substrate. Each substrate from which NH, TPD spectra have been obtained displays its own combination of the four processes, creating complex desorption spectra.
All of the NH, TPD spectra display a long tail, which is due to the slow pumping speed of NH, in stainless-steel vacuum chambers. NH, that has desorbed from the sample may readsorb on the chamber walls, then desorb at some later time to be detected by the mass spectrometer. It is difficult to extract accurate desorption parameters from these distorted peaks since Redhead analysis3' assumes essentially infinite pumping speeds. The activation energy for desorption can be estimated from the peak desorption temperature, but none of the previous NH, TPD studies included an analysis of coverage-dependence or a full fit to the experimental data. In this work, the finite pumping speed of NH, is accommodated by introducing a new parameter to the fitting routinie. The characteristic pumping time of the vacuum system, 2, is defined by Redhead as the ratio od the volume of the chamber to the pumping speed. With the incorporation of this additional parameter, the shape of the experimental curves is reproduced and the activation energy and initial surface coverage can be calculated.
Finally, the thermal stability of TiN is investigated. Since TiN CVD takes place at elevated temperatures (450-1000 K), it is important to understand the film's behavior under these conditions. Also, its ability to withstand high temperatures has implications for TiN used in wearand corrosion-resistant coatings. One question that can be addressed by UHV analytical techniques is the temperature-dependent rate of TiN decomposition. Entropy considerations dictate that at high temperatures, TiN should be unstable with respect to dissociation to Ti and N,. The desorption of N, from the TiN surface is also important since Equation 1 suggests that N, is a product of the deposition reaction, as required to balance the formal reduction in the oxidation state of the titanium from -1-4 to +3; however, evolution of N, has not been documented. There are no obvious gas-phase pathways for producing N,, so it has generally been assumed that N, is produced via a surface rea~tion.'~ Thermodynamic calculation^^^ predict Ti-N bond strengths for gas-phLase compounds in the range of 85-100 kcal/mol, suggesting that N, desorption from a TiN surface is too slow to contribute to processes at typical CVD temperatures. In order to verify these calculi~tions, the bond strength of nitrogen to the TiN surface is examined using TPD and Auger electron spectroscopy (AES).
EXPERIMENTAL TECHNIQUE
The experiments were performed in a vacuum chamber that has been described p r e v i~a s l y ,~~~~~ modified such that the chamber housing the mass spectrometer was pumped by a turboniolecular pump rather than by an ion pump. The TiN samples (Goodfellow Corp.) were sputter-deposited films 2-3 pm thick on 8-mm-diameter Ti disks. Tantalum tabs held the sample to a Mo "button" heater at the end of a liquid-N, cryostat. The temperature was measured by a chromel-alumel thermocouple wedged under one of the tabs.
When first installed in the vacuum chamber, the TiN films were coated with a thick oxide layer. Following repeated cycles of sputtering with 5-keV A r ' ions and annealing at 900 K, AES showed that C and 0 were the main contaminants, with typical C/Ti and O/Ti atomic ratios of <0.2 and <O. 1 respectively. Unfortunately, the Ti/N ratio could not be determined by AES since the N Auger peak at 390 eV overlaps with a Ti peak4' and a standard of known composition was not available. Changes in the AES peak shapes did, however, serve as a diagnostic for depletion of N from the film following extended sputtering cycles. The depletion was confirmed by a change in the film's color from gold to silver. When this occurred, a new sample was installed.
Before each TPD experiment, the film was sputter-cleaned for 15 minutes and then annealed for 5 minutes. NH, was admitted through a stainless-steel dosing tube, raising the chamber pressure to roughly to lo-' torr. The sample temperature was held at 100 K during exposure to NH, and then raised to 850 K at 5 Ws while a TPD spectrum was recorded by the differentially-pumped mass spectrometer. Three different dosing arrangements were used. For some experiments, the sample was turned away from the doser so that the incident flux could be estimated from the chamber pressure integrated over the exposure time. The sticking probability could then be calculated by comparing the incident flux to the integrated desorption signal during the TPD ramp. Unfortunately, this arrangement led to high background levels of NH, in the vacuum chamber, which further aggravated the pumping speed problem. To obtain cleaner TPD spectra when measurement of the incident flux was not required, the sample was placed directly in front of the doser during the exposure, minimizing adsorption of NH, on the chamber walls. Under these conditions, however, it was difficult to limit the exposure to obtain low coverage spectra. To further reduce the NH, background and to provide better control of the magnitude of the exposure, in some cases the NH, was diluted with Ar in a ratio of -1:3 and the sample was then placed directly in front of the dosing tube.
Additional measurements of the sticking probability were made using the directed-beam doser technique described by Dresser et aL3, NH, was introduced through the doser with the sample facing away from the beam. The chamber pressure was recorded while the sample was rotated into the path of the beam and then later rotated back out. Finally the doser valve was closed. Sharp pressure changes were not achieved, due to adsorption and desorption on the walls of the stainless-steel doser tubing, but qualitative results could be evaluated.
For studies of thermal decomposition, the same TiN samples were clamped onto a resistively-heated 0.003"-thick Mo support. A W/5% Re:W/26% Re thermocouple was spot-welded to the Mo support near the sample. The TiN surface was sputtered briefly but not annealed. AES showed residual oxygen on the surface with typical ORi atomic ratios of -0.4.
Since decomposition is a bulk rather than a surface phenomenon, no effort was made to further reduce the surface oxygen with continued sputter cycles. The sample was heated to 1750 K at a rate of 6.6 Us, while monitoring desorption of N ( d e = 14), N, ( d e = 28), Ti ( d e = 48), and TiN ( d e = 62) with the mass spectrometer.
7
RESIJLTS Tempierature Programmed Desorption
The NH, TPD spectra exhibit two molecular desorption peaks, as shown in Figure 1 . The higher temperature state, at -350 K, fills first and saturates at a coverage (e,) of -0.05 ML (1 ML E 1 NIH,RiN, or = 1x10'' molecules/cm2). Then the low temperature state at 140 K begins to fill and continues to grow without achieving saturation. Although it appears that the intensity of the peak a i 350 K continues to increase, the rise is in fact due to the higher background level from the tail of the low-temperature peak. Background subtraction confirms the saturation of the hightempeirature peak. Offsetting the spectra such that the background levels adjacent to the hightempeirature peak overlap demonstrates that the magnitude of this peak is in fact constant. Other species were monitored during the temperature ramps, including N,, H,, and H,O.
During some experiments, H, desorption was detected. The peak was not reproducible, however, and may be due to desorption from the sample mounts. H, could also be a product of NH, dissociation, but in that case it would likely be accompanied by desorption of N,, which was not detected. It is possible that small amounts of nitrogen remain on the surface and are incorporated into the TiN lattice, particularly in locally nitrogen-deficient regions. NH, dissociation can therefore not be completely ruled out, but since the H, desorption does not correlate with sample preparation or with NH, exposure, it is more likely attributed to an experimental artifact.
Both peaks have a long t a i l on the high temperature side. In the case of NH, desorption from G a A~( 1 0 0 ) ,~~*~~ a similar tail was attributed to desorption of NH, generated from recombination of adsorbed NH, with adsorbed H atoms. In order to distinguish between a hightemperature desorption feature and pumping effects, TPD experiments were performed in which the heating ramp was aborted at either 400 or 550 K, while continuing to record the massspectrometer signal as the sample cooled. If the high-temperature signal is due to a desorption feature, it should exhibit a sharp decrease when the heating is aborted and the peak should reappear during subsequent heating to higher temperatures. On the other hand, if the high-temperature signal is simply due to continued pumping of NH, that has desorbed in the lower-temperature peaks, then the temperature profile of the sample beyond the desorption peaks should not affect the mass spectrometer signal. As seen in Figure 2 , there is no break in the spectrum when the sample heater is turned off. Also, no desorption is detected when the sample is later heated to 850 K. This confirms the attribution of the high-temperature tail to the slow pumping speed of NH,.
There is thus no evidence for recombinative desorption of NH, from TiN. 
Sticking Probability
Two methods were used to determine the sticking probability of NH, on TiN. In the first method, the sticking probability at 100 K into the low-coverage state was calculated by comparing the incident flux to the integrated desorption flux. Absolute coverages were determined by using an ion gauge, which had been calibrated to a capacitance manometer, to calibrate the mass spectrometer signal. Only spectra with coverages below 0.05 ML, i.e., those exhibiting desorption only from the low-coverage state, were considered. As shown in Figure 3 , the surface coverage increases linearly with incident flux, yielding a sticking probability of 0.06.
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Figu.re 3 Surface coverage of NH, vs. incident flux. The slope of the line gives the sticking probability.
For the second method, the directed-beam doser technique, the surface temperature was held above the desorption temperature for the high-coverage peak. Measurements at both 150 and 200 IK failed to exhibit the sharp changes in pressure described by Dresser et al . , , since the surface was saturated with background NH, before being moved into the beam path. In contrast, the beam doser method determined that the sticking probability at 100 K into the low-temperature state is on the order of 1. The rapid saturation of the high-temperature state is consistent with the low value of its, maximum coverage.
Decomposition of TiN
Upon heating to 1750 K in vacuum, TiN decomposes with N, and Ti as the only desorption products. Nitrogen is detected by the mass spectrometer at both m/e=28 and m/e=14 in a series of peaks at temperatures between 1200 and 1600 K. The shapes and locations of the peaks are not reproducible and most likely depend strongly on the history of the sample and the local morphology of the sputtered film. No desorption is observed at m/e=12 or m/e=16 and the ratio of the m/e=14 signal to that of m/e=28 matches a reference spectrum of molecular nitrogen, confirming the identification of the desorbing species as N, and not CO. AES also demonstrates the removal of nitrogen from the sample between 1000 and 1750 K, as shown in Figure 4 . An Auger spectrum recorded after heating to 1000 K shows the same ratio of the peak at 390 eV (due to N and Ti) to the peak at 420 eV (due to Ti) as does a freshly sputtered surface (Figure 4a) . After heating to 1750 K, however (Figure 4b) , the peak at 390 eV decreases due to loss of nitrogen and the 390 eV/420 eV ratio is consistent with elemental titanium (Figure 4c) . Finally, the color of the sample changes from gold to silver after heating, confirming the total decomposition of TiN to Ti.
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. , Figure 4 Auger electron spectra of a) clean TiN, b) TiN after heating to >1750 K, and c) elemental titanium foil.
Above 1600 K, atomic Ti desorbs at a rate that increases exponentially with temperature. The slope of an Arrhenius plot yields a heat of desorption of 107 kcal/mol, close to the 112.3 kcal/mol AHov~p,~z~ion of elemental Ti?' This is further evidence that the surface species remaining after the loss of nitrogen is elemental Ti and confirms the accuracy of the temperature measurement by the thermocouple.
DATA ANALYSIS
The TPD spectra were analyzed by a non-linear least-squares fitting procedure that is an extension of a previous method developed for the analysis of TPD from polycrystalline films.42
The earlier model assumes that broad first-order desorption spectra are the result of multiple desorption sites with a Gaussian distribution of binding energies4,. Spectra were fit to find the mean activation energy for desorption, E, m, and 0, the Gaussian width of the distribution, while holding the pre-exponential factor fixed at 1 x lOI3 sed'. In this work, the analysis is extended by including the effect of a finite pumping speed for NH,.
The issue of pumping speed has been discussed in general terms by Redhead.35 The governing equation for the pressure rise in a system during a TPD experiment is:
where P is pressure, t is time, A is the area of the sample, k is Boltzmann's constant, T is temperature, Vis the system volume, 8 is the surface coverage, and S is the pumping speed. In most TPD analyses, an infinite pumping speed is assumed (dP/dt cc SPN), with the result that P 0~ dq/UTt. In the case of NH,, however, this assumption is not valid and the full equation must be utilized in the fitting procedure.
With the finite pumping speed assumption, there are two differential equations to be integrated. The first equation is the Arrhenius expression for desorption:
where v is the pre-exponential factor, n is the reaction order, E, is the activation energy, R is the gas constant, and the remaining parameters are as defined above. The value of d€?/dt is then substituted into Equation 2, which is integrated to obtain P.
The coefficient for the first term on the right side of Equation 2, A k T N , is readily
calculated from the geometry of the system. Its value is fixed at 8.2 x torr-cm2/molecule, based 'upon a sample area of 0.20 cm' , a system volume of 75 1, and a temperature of 300 K. The coefficient of the second term, z = V/S, is the characteristic pumping time of the system. This becomes an additional fitting parameter and it is allowed to vary during the least-squares fitting procedure. The average value was 22 sec, although the value for each individual spectrum was dependent upon the recent history of the chamber. Independent measurements of z provide a consistency check for the values obtained from the fits to the desorption spectra. When a volume of NH, gas is admitted to the chamber, the pressure falls according to the equation
where Po is the pressure at time zero. The measured values are higher by a factor of 2 -3 than those obtained through the fitting procedure. This discrepancy is most likely due to greater saturation of the chamber walls during the direct measurement than during a TPD experiment.
DISCUSSION NH, Adsorption and Desorption
The fitting procedure just described yields an activation energy of 7.3 kcal/mol for the peak at 140 K. Since this peak is narrow, with a FWHM of < 50 K, the assumption of a Gaussian distribution of binding energies is not required, i.e., o = 0. The higher-temperature peak is fit by considering only spectra with coverages less than 0.05 ML, where the low-temperature peak has not yet been populated. Figure 5 shows the fits to a series of low-coverage spectra following subtraction of a linear background. The peak shifts to lower temperature as eo increases and E,, therefore decreases from 23 kcaVmol for 0, = 0.003 ML to 17 kcaVmol for 0, = 0.03 ML.
Conversely, o increases from 2.0 to 3.5 kcaVmol through this range. A linear extrapolation suggests that EU,, = 24 kcaVmol in the limit of zero coverage.
A similar variation of desorption energy with coverage is observed in the NH,/Ru(OO~)~~ and NH,/NiO( systems and is attributed to repulsive lateral interactions between the NH, dipoles. Such an explanation is not appropriate in the NH,fliN case, however. First, the coverages in question are so low (<0.05 h4L) that it is unlikely that repulsive interactions play an important role in the desorption process.44 Second, a coverage-dependent activation energy would change the shapes of the spectra significantly from that shown here, where E,, is constant for each spectrum but varies according to the initid coverage.
An alternate explanation for the variation in E,,m with 0, arises from consideration of the fact that oincreases as Ed,, decreases. Figure 6 shows two Gaussian distributions (Eu,, and o equal to 23 and 2.0 kcal/mol and 17 and 3.5 kcal/mol, respectively) with populations differing by a factor of 10, corresponding to the fit parameters for the top and bottom spectra shown in Figure 5 . The upper ends of these distributions nearly coincide. This suggests that the shift in mean activation energy with initial coverage could simply result from the filling of the higher energy tail of the distribution before the lower energy end. Such a preference for the more stable states can be manifested only if there is a high mobility of NH, on the surface, either during the adsorption process or, more likely, as the sample is heated during the desorption experiment.
The activation energies and saturation coverages determined here can be considered in light of previous TPD studies and the bond energies of various Ti-and N-containing species to formulate a physical description of the binding states of NH, on TiN. Truong et al." studied NH, desoiption from TiN, and found spectra with the same general shape as those shown in Figure 1 , namely a broad peak at -400 K, moving to lower temperatures as the coverage increases, and a sharp peak at -125 K. Although a detailed kinetic analysis was not performed, the activation energy for desorption of the higher temperature peak was estimated to be 24 kcal/mol, in excellent agreement with the present work. On the TiO,(OOl) surface?4 NH, exhibits both molecular and dissoiciative adsorption. The molecular chemisorption state desorbs at 338 K, with an activation energy of 19 kcal/mol. On three different molybdenum nitride surfacesZS (P-Mo,,N,, y-Mo2N, and &MoN), NH, also has both molecular and dissociative adsorption states. The molecular state exhibits broad peaks at -350 K, while the recombinative desorption features appear above 600 K .
No low-temperature features were observed in either of these studies as the sample temperatures were close to 300 K during exposure to NH,. .. Figure 6 Comparison of two Gaussian distributions with parameters as noted and relative populations of 10: 1.
In the present work, the low-temperature, high-coverage peak for NH, desorption from TiN does not saturate, signifying that it is a multilayer of solid NH,. The activation energy for desorption, 7.3 kcal/mol, is similar to those found for NH, multilayers on Pt( 11 1)" (8.6 kcdmol) and on GaA~(l00)~' (9.8 kcal/mol), as well as to the enthalpy of physisorption of NH, (9.1 kcaVm~l)!~ Since this peak represents interactions among NH, molecules rather than between NH, and TiN, and since its desorption temperature is far lower than temperatures characteristic of TiN CVD, it will not be considered further here.
It is more important to understand the nature of the high-temperattire, low-coverage peak. The saturation coverage of 0.05 h4L implies that this peak represents desorption from sites that are fairly rare on the surface, perhaps some type of defect in the TiN lattice.& Some insight into the nature of this site can be gained by comparing the activation energy of 24 kcaVmol with bond strengths for some related gas-phase compounds. The bond dissociation energy of gas-phase (NH,),Ti-NH,, an analogue of adsorbed, dissociated NH,, has been ~alculated,~ as 86.1 kcal/mol. As described below, dissociation of the TiN lattice has an activation energy of at least 80 kcdmol.
The N-N bond strength in H,N-NH, is4' 65.8 kcdmol. AU of these are significantly higher than the desorption energy of NH, on TiN. Since NH, apparently does not dissociate on the TiN surface, a more relevant comparison is with C14Ti:NH,, in which there is a dative bond between Ti and N. The bond dissociation energy for this species is predicted by ab initio calculation^^^ to be 17.0 kcal/mol, which is reasonably close to the 24 kcal/mol measured here. Desorption from themolecular chemisorption state of NH, on Ti0,(001), with E, = 19 kcal/mol, may represent a sirnilxu process.
A physical picture for the adsorption of NH, on TiN can now be constructed, and this is shown in Figure 7 . After sputtering and annealing the TiN surface is most likely capped with N atoms, since N is much less reactive than Ti. There may be a few locations on the surface, though, that have a different composition, perhaps a different oxidation state or coordination number. Since the TiN sample is not a single crystal, the exact nature of these sites cannot be characterized and they are represented in Figure 7a by a box around the Ti, as the chemical identity of these sites is not known. When the surface is exposed to small amounts of NH,, it chemisorbs first at these sites, as shown in Figure 7b . The comparisons above suggest that this happens through a dative N to Ti bond, and it is desorption from this state that has an activation energy of 24 kcal/mol. When all of these sites are filled, with a saturation coverage of approximately 0.05 ML, adsorption into this state ceases. Additional NH, incident on the surface, Figure 7c , forms a multilayer. The multilayer, which is held together by hydrogen bonding, desorbs at -140 K. This picture also explains why there is no separate physisorption peak for the desorption of the first layer of the solid NH,, as there is in some other systems. The N-H bonding from the multilayer to the TiN surface is the same as that within the multilayer, so the first layer desorbs at the same temperature as the rest of the multilayer. The two peaks in the NH, TPD spectra therefore represent chemisorption and multilayer states. 
N, Desorption
N, desorbs from TiN at much higher temperatures and with more complex spectra than NH,. Because the TPD experiment probes bulk decomposition of TiN and not surface decomposition alone, several elementary processes can contribute to the desorption profiles. These include dissociation of Ti-N bonds in bulk TiN, diffusion of nitrogen to the TiN surface, and desorption of N, from the surface. It is difficult to positively associate the TPD features with any of these specific rate processes without more detailed measurements and modeling. A l l of these kinetic processes exhibit an Arrhenius form for the temperature dependence, however, and therefore features detected between 1200 and 1600 K correspond to activation energies from 80 to 100 kcal/mol, assuming a prefactor of lo', sec-'. These values therefore provide an estimate of the activation energy for decomposition of TiN to Ti and N2.
These measurements are consistent with the ~alculated,~ (NH,)3Ti-NH, bond strength of 86.1 kcal/mol, as well as with previous experimental investigations of the thermodynamics of TiN vaporization and decomposition. Hoch et al.48 examined the vaporization of TiN in a Knudsen effusion cell and deduced that TiN decomposes into Ti(g) and N,(g), the same products observed here, but the reaction was detected at a higher temperature (1987 K) than in the present study. This difference may be attributed to the superior sensitivity of mass spectrometry, used here to detect decomposition products, versus the weight-change method used by Hoch et al. Thus, the decomposition was detected at lower temperatures in this study.
The decomposition of TiN has also been examined with mass spectrometry by Akishin and K l~d e e v .~~ They report decomposition of TiN into Ti(@ and N,(g) above 1700 K, also somewhat higher than the temperature observed here. This, too, can be attributed to the vacuum limitations of the previous work and consequent lower sensitivity that did not allow observation of the initial evolution of N,. More recently, Lopez et al." examined superlattice mixtures of TiN and NbN and found no loss of nitrogen upon heating to 973 K in a vacuum of torr. Although this was not pure TiN, it supports the observation here that TiN does not decompose below 1000 K. The behavior of nitrogen described here is fundamentally different from that observed during nitrogen adsorption measurements by You et al." Using a thermal conductivity detector, a heat of adsorption of 14.6 kcal/mol was measured for N, on TiN powder at 900 to 950 K. This is much lower than the range of activation energies determined here for nitrogen desorption and could be energetically significant for CVD processes. However, although You et al. assumed that the N, dissociated upon adsorption, there is no experimental evidence for dissociation. Given the disparity between Reference 51 and the other studies, it is likely that the activation energy of 14.6 kcdmol actually corresponds to adsorption of molecular nitrogen without dissociation.
Implications for CVD
The implications of these results for the CVD of TiN can now be considered, keeping in mind that conditions in a deposition reactor differ significantly from the UHV environment of these experiments. Total reactor pressures typically range from 150 mtorr to 760 torr, often with NH, mole fractions of -lo%, Ti-containing precursor mole fractions of -l%, and the remainder consisting of carrier gases such as Ar or N,. Substrate temperatures range from 700 -1000 K for TiC14/NH, depositions and 450 -850 K for metalorganic processes.
The activation energy for NH, desorption from TiN, 24 kcal/mol, is low enough that NH, desorbs readily at CVD temperatures. A calculation of steady-state NH, surface coverage as a functilon of substrate temperature and incident NH, flux shows that even under high flux conditions, the surface remains free of NH, and sites necessary for growth are not prevented from reacting. The sticking probability for NH, determined here, 0.06, is very close to, the saturation coverage in the chemisorption state, 0.05 ML. This may mean that the sticking probability is actually limited by the availability of sites, Le., the incident NH, molecules that land on "appropriate" sites adsorb with unit probability and the others return to the gas phase. The surface morphology and the concentration of active sites on the sputter-deposited samples used here may differ from those present under CVD conditions. As new layers of Ti and N are continually added to the lattice, it is possible that the concentration of active sites may increase and the apparent sticking probability may therefore rise. In addition, there may be other important surface processes, such as surface transamination in the metalorganic case," or surface reactions with C1-containing species in the inorganic case, that may be important during CVD. The lack of a dissociative adsorption state suggests that adsorption of other species is required for nitrogen incorporation into the films.
The molecular sticking probability of 0.06 can also be compared to a new for the overall reaction mechanism for TiN deposition from TiCl, and NH,. A fit to experimentallymeasured deposition rates yields a reactive sticking probability for NH, of 0.01. The fact that the molecular sticking probability is several times higher suggests that adsorption of molecular NH, is not the rate-limiting step to TiN CVD. The desorption energy for N, from TiN, experimentally determined to be at least 80 kcal/mol, is consistent with calculated Ti to trivalent-N bond strengths in gas-phase compounds. N, has been proposed as a product of the TiN CVD reaction, as required to balance the change in oxidation state of the Ti. The desorption energy for N,, though, is too high to for this process to contribute to reactions below 1000 K.
This suggests that if N, is produced during low-temperature CVD of TiN, it occurs by a mechanism that does not involve breaking a Ti to trivalent-N bond.
SUMMARY
The surface chemistry of nitrogen-containing species on TIN has been investigated because of its relevance to TiN CVD. NH, plays an important role in TiN CVD processes, providing the nitrogen to the lattice, and it is therefore of interest to measure the binding energy of NH, on TiN. TPD spectra of NH, are difficult to analyze, however, due to its slow pumping speed in stainlesssteel UHV chambers. A new fitting procedure that accounts for the long residence time has enabled the most in-depth analysis of NH, TPD data to date. Two peaks in the spectra, with activation energies of 24 and 7.3 kcal/mol, correspond to molecular chemisorption and multilayer states, respectively, with no evidence for dissociation of NH,. The sticking probability of NH, on TiN is -0.06, consistent with a new model for the overall deposition reaction. Once incorporated into the lattice, nitrogen is strongly bound to TiN. N, desorbs with an activation energy of at least 80 kcal/mol, in excellent agreement with the ab inirio Ti-N bond strength37 of 86.1 kcal/mol. This precludes N, production by TIN decomposition under CVD conditions. 
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